The development of genomic and proteomic tools has enabled studies that begin to characterize the molecular targets of an effective host immune response to Mycobacterium tuberculosis, including understanding the specific immune responses associated with tuberculosis (TB) disease progression, disease resolution, and the development of latency. One application of such tools is the development of diagnostic reagents and assays useful as a test of cure. Such a test could be of considerable importance for the evaluation of new therapeutics. We and others have previously described immunodominant proteins of M. tuberculosis, including both vaccine and diagnostic candidates. In the present study, we describe the changes in immune responses to a panel of 71 M. tuberculosis antigens in six patients during the course of therapy. The levels of six cytokines were measured in 24-h whole-blood assays with these antigens, revealing that gamma interferon (IFN-␥), tumor necrosis factor (TNF), and interleukin-10 (IL-10) were differentially regulated in response to a subset of antigens. Therefore, measuring the production of these three cytokines in response to a panel of carefully selected M. tuberculosis proteins during the course of TB therapy might be a promising path toward the development of a test of cure and warrants further validation in larger cohorts of pulmonary TB patients.
Tuberculosis (TB) caused by Mycobacterium tuberculosis complex bacilli is one of the leading causes of death worldwide (42) . Upon exposure to M. tuberculosis, 30 to 40% of close contacts will develop TB infection, of whom 5% would be expected to develop active disease within a 24-month period while the other 95% enter a state of controlled latent TB infection (LTBI), which can reactivate later in life following decreased immunocompetence of the host. T cells, both CD4 ϩ and CD8 ϩ , and the cytokines gamma interferon (IFN-␥) and tumor necrosis factor (TNF) play important roles in the prevention of active disease and the control of LTBI, as demonstrated by gene-knockout animal models and human subjects with mutations affecting the expression of these two cytokines (17) .
The traditional diagnosis of active TB disease relies on positive identification of acid-fast bacilli (AFB) in a sputum smear or M. tuberculosis identified in culture and is supported by delayed-type hypersensitivity reactions to intradermal injection of M. tuberculosis-specific and nonspecific purified protein derivative (PPD). The tuberculin skin test (TST) utilizes PPD and has a number of drawbacks, notably that TST cross-reacts with the Mycobacterium bovis vaccine strain bacillus CalmetteGuérin (BCG) and other environmental mycobacteria, increasing the number of false positives (37) . As IFN-␥ is required for a T helper 1 (Th1) response to M. tuberculosis, this cytokine has been measured ex vivo in serum (35, 39) , sputum (35) , bronchoalveolar lavage fluid (4), pleural effusions of TB patients (21, 25) , or culture supernatants of peripheral blood mononuclear cells (PBMC) after in vitro stimulation with M. tuberculosis antigens (2, 18, 40) . IFN-␥ responses to antigen stimulation are easily induced in PBMC or whole blood and can be detected using simple technologies, such as enzymelinked immunosorbent assay (ELISA) or enzyme-linked immunosorbent spot assay (ELISPOT), since IFN-␥ is not labile and is usually produced in measurable quantities. Differences in the levels of IFN-␥ measured in culture supernatants of stimulated lymphocytes from TB patients and controls varied considerably depending on the study and were inconclusive as a diagnostic tool (40) , probably due to nonstandardized sample handling and variable duration of stimulation with M. tuberculosis antigens (13) .
More recently, standardized short (Ͻ24 h) peripheral blood T-cell IFN-␥ responses to three M. tuberculosis-specific antigens, early secreted antigenic target 6 (ESAT-6), culture filtrate protein 10 (CFP-10), and antigen TB7.7 (Rv2654), have been investigated for the management of TB. Two assays, the ELISPOT assay T-SPOT.TB (Oxford Immunotec, Oxford, United Kingdom) that uses PBMC and the ELISA QuantiFERON-TB gold (Cellestis, Victoria, Australia) that uses whole blood, measure IFN-␥ responses to overlapping ESAT-6/CFP-10 peptides and ESAT-6/CFP-10/TB7.7, respectively, in less than 24 h. It was reported that the number of ESAT-6/CFP-10-specific IFN-␥-producing cells in circulating PBMC reflects bacterial load and the relative risk for pathology and illness. While both assays have advanced the diagnosis of latent TB infection, their utility in monitoring immune responses during the course of chemotherapy for active TB disease and in correlating IFN-␥ levels after antigen stimulation with the decrease in bacterial load has yet to be confirmed (12) . The results obtained to date from a small number of studies using these two assays are controversial for both active TB and LTBI. Some of these studies report decreased IFN-␥ responses to specific mycobacterial antigens (1, 8, 10, 20, 26, 28, 33, 34, 36) during and after chemotherapy, while others have shown persistently positive or even stronger responses with chemotherapy (3, 16, 31, 38, 41, 43) . Decreases in IFN-␥ responses to CFP-10 during treatment appeared to correlate better with reduction in bacterial loads than analogous responses to ESAT-6 or ESAT-6 and CFP-10 combined (9, 14, 27) . Host immune responses to M. tuberculosis antigens during therapy are complex, dynamic events that will likely require the measure of more than one parameter-cytokine and/or antigen. It has been suggested that the IFN-␥/IL-10 ratio might be used to successfully predict the development of active disease after exposure to TB (24) . In addition, Eum et al. recently showed that the regulation of TNF during therapy might be better than IFN-␥ in predicting sputum conversion at 6 months (15) .
The identification of surrogate markers of bacterial clearance in TB patients receiving chemotherapy is important for a number of reasons, including early diagnosis of treatment efficacy, prevention of relapse due to incomplete cure, and as endpoints in clinical trials evaluating new tuberculosis medications (22) . The objective of this study was to identify in pulmonary TB patients surrogate markers for successful response to therapy by characterizing the dynamic of cytokine responses to a large array of M. tuberculosis antigens before, during, and after completion of treatment. For that purpose, cytokines associated with Th1, Th2, and Th17 were analyzed. The levels of IFN-␥, TNF, interleukin-10 (IL-10), IL-5, IL-2, and IL-17 were characterized in whole blood after Ͻ24 h of stimulation with PPD, M. tuberculosis lysate (MtbL), ESAT-6, and 70 additional recombinant M. tuberculosis proteins, including both secreted and latency antigens.
MATERIALS AND METHODS
Study subjects. TB patients (n ϭ 6), recruited at the TB Control Program, Public Health-Seattle & King County (Seattle, WA), were assessed for cytokine profiles during therapy using M. tuberculosis antigen-stimulated whole-blood cultures. The study was approved by the Human Subjects Review Committee of the University of Washington, and written informed consent was obtained from each study subject. All six patients were diagnosed with active pulmonary TB by sputum culture, were PPD positive (indurations of Ͼ10 mm), and were negative for human immunodeficiency virus (HIV) and hepatitis B and hepatitis C viruses. Four patients had a history of BCG vaccination, one did not, and the status of one patient was unknown. The mean age was 32.8 years (range, 19 to 49), and the male/female ratio was 5:1. Each patient was given the standard 6 months of directly observed therapy (DOT) for TB, which consisted of a combination of at least two of the following drugs: isoniazid, rifampin, ethambutol, pyrazinamide or rifamate (a combination of isoniazid and rifampin). Each patient was initially treated with standard short-course therapy according to the guidelines of the American Thoracic Society and Centers for Disease Control and Prevention (7), consisting of a 2-month intensive phase with four drugs (isoniazid, rifampin, ethambutol, and pyrazinamide) and 4 months of isoniazid and rifampin. One patient (TBC-04) harbored a multidrug-resistant M. tuberculosis strain that was resistant to both isoniazid and rifampin and was treated with an alternative regimen for 18 months. All patients had converted to culture negative at the end of the treatment and were considered adequately treated. In addition, healthy PPD-negative subjects (n ϭ 7) with no history of BCG vaccination were included as controls.
Reagents. M. tuberculosis PPD (lot P A0814-1) was obtained from Mycos Research LLC (Loveland, CO). Phytohemagglutinin (PHA) was purchased from Sigma (Sigma-Aldrich, St. Louis, MO). Target M. tuberculosis recombinant His-tagged proteins were prepared in Tris buffer as previously described (5), and all showed residual endotoxin levels of Ͻ100 endotoxin units (EU)/mg of protein.
Whole-blood assay. At the time of enrollment in the study, patients had been started on chemotherapy for Ͻ2 weeks. Blood samples were drawn into heparinized Vacutainers (BD Biosciences, San Jose, CA) between the hours of 10 a.m. and 2 p.m. at the initial visit (time zero [T0]) and at 2 weeks (T0.5) and 1, 3, 6, 9, and 12 months (T1, T3, T6, T9, and T12) thereafter. Blood (20 ml) was diluted 1:1 with sterile RPMI 1640 (Invitrogen) tissue culture medium. Diluted blood (450 l/well) was plated in 48-well tissue culture plates within 2 h of collection. Blood cultures were stimulated with 50 l/well of Tris buffer, 10 g/ml PPD, 10 g/ml PHA, 10 g/ml MtbL, or 10 g/ml of each recombinant protein of M. tuberculosis (Table 1 ) for 20 to 22 h at 37°C in 5% CO 2 . Culture supernatants were harvested and stored for later use in separate polypropylene plates as three 100-l aliquots at Ϫ80°C.
Cytokine determination by Luminex. Supernatants were filtered through 1.2-m and 0.2-m filters to remove possible M. tuberculosis bacilli. The filtrates were analyzed for IL-2, IL-5, IL-10, IL-17, IFN-␥, and TNF cytokine production using a customized human 6-plex Procarta cytokine assay kit (Affymetrix, Santa Clara, CA), following the directions of the manufacturer. Samples were read on a Luminex 200 (Luminex Corporation, Austin, TX) machine powered by the MasterPlex Software Suite program and analyzed using the MasterPlex QT 3.0 (MiraiBio, Inc., Alameda, CA) quantification software in order to obtain cytokine concentration values. The sensitivities and ranges of the assays were determined by running a dose-response curve of a reference standard for each cytokine from the manufacturer on each plate.
Data analyses. All data were analyzed by using MasterPlex QT 3.0 and Microsoft Excel. Antigen-specific cytokine responses are shown after subtraction of the spontaneous cytokine secretion that occurs in the absence of a stimulant. A macro was written with Microsoft Excel to convert cytokine levels from pg/ml or fold change to colored heat maps. Comparison of the levels of IFN-␥ and IL-10 or those of TNF and IL-10 were provided as differences rather than ratios to account for zero values where present. Intra-assay variation was initially calculated for each cytokine at the T0 and T6 time points on duplicate wells of cells stimulated with PHA, PPD, ESAT-6, or antigen 85B (Ag85B). The intra-assay cytokine variation averaged 1.1 Ϯ 0.3 (mean Ϯ standard deviation [SD] ; range, 1.0 to 1.5). There were no statistically significant differences observed between stimulants or cytokines, as determined using a 1-way analysis of variance (ANOVA) test. A cutoff for fold-change cytokine expression compared to the 
RESULTS
To explore whether changes in cytokine responses to defined M. tuberculosis antigens would provide a surrogate marker for sputum smear and culture conversion, whole blood was obtained from six pulmonary TB subjects during the course of chemotherapy. The blood samples were stimulated for 24 h with an extensive panel of 71 single M. tuberculosis proteins, including ESAT-6 and Ag85B, and PPD. The levels of cytokines associated with Th1/ effector (IFN-␥ and TNF), memory (IL-2), regulatory (IL-10), Th2 (IL-5), and Th17 (IL-17) cells were measured in culture supernatant with the Luminex technology.
Profile of cytokine responses to M. tuberculosis antigens at initiation and end of therapy. Whole-blood cells' cytokine responses to M. tuberculosis antigen stimulation were initially compared at the beginning (T0) and end (T6) of therapy (see Fig. S1 in the supplemental material). While the six cytokines were upregulated in all patients in response to PHA stimulation, indicating that active disease did not inhibit cytokine responses, only IFN-␥, TNF, IL-10, and IL-2 were increased in response to PPD and MtbL. Furthermore, cytokine responses to single M. tuberculosis antigens were mostly restricted to IFN-␥, TNF, and IL-10. Based on these observations, we focused our analyses on a subset of M. tuberculosis antigens that induced antigen-specific cytokine responses of Ͼ25 pg/ml in four of six patients (67%) at T6 for one or more of the latter three cytokines (Fig. 1) . Nineteen, 33, and 31 M. tuberculosis antigens met these criteria for IFN-␥ (Fig. 1A) , TNF (Fig. 1B) , and IL-10 ( Fig. 1C) , respectively. Interestingly, among these M. tuberculosis antigens, 17 upregulated all three cytokines, 12 more were associated with increases in TNF and IL-10 responses, and one was associated with IFN-␥ and TNF responses. When concentrations of effector (IFN-␥ and TNF) versus regulatory (IL-10) cytokines were compared, the IL-10 levels were generally higher than the IFN-␥ and TNF levels for most M. tuberculosis antigens and TB subjects at both T0 and T6, resulting in net negative values (Table 2 ). In addition, there FIG. 1. Heat map of whole-blood cytokine responses to a subset of M. tuberculosis antigens recognized by two-thirds of the subjects. Whole blood was obtained from six TB patients at time 0 (T0) and 6 months (T6) of antibiotic treatment and stimulated with Tris buffer, PHA, PPD, MtbL, or an individual recombinant M. tuberculosis protein for 24 h at 37°C. Plasma levels of IFN-␥, TNF, and IL-10 were measured using multiplexing ELISA. Antigen-specific cytokine concentrations are represented in a heat map from blue (Ͼ1 pg/ml) to dark brown (Ͼ1,500 pg/ml). TBC-01  TBC-04  TBC-06  TBC-07  TBC-08  TBC-09   T0  T6  T0  T6  T0  T6  T0  T6  T0  T6  T0  T6 IFN a Whole blood was obtained from six TB patients at time zero (T0) and 6 months (T6) of antibiotic treatment and stimulated with individual recombinant M. tuberculosis protein for 24 h at 37°C. Plasma levels of IFN-␥ or TNF and IL-10 were measured using multiplexing ELISA. A negative value indicates a higher level of IL-10 than of IFN-␥ or TNF.
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was a trend for a greater IL-10 than IFN-␥ response detected at T6 compared to their levels at T0 (T6 value Ͻ T0 value). Kinetics of cytokine responses to M. tuberculosis antigens during chemotherapy. Whole-blood samples were obtained at T0, T0.5 (2 weeks), and T1, T3, T6, T9, and T12 (months) after the initiation of therapy and stimulated for 24 h with the subset of stimulating M. tuberculosis antigens identified in the experiments discussed above (Fig. 1) . Plasma levels of IFN-␥, TNF, and IL-10 were measured and averaged for the six patients at each time point. For IFN-␥, the cytokine level associated with each single M. tuberculosis antigen was either maintained or increased at all the other time points except T0 ( Fig. 2A) . This observation is of particular interest as it suggests that blood cells from TB subjects already become more responsive to antigen-specific stimulation within 2 weeks after starting on antibiotics. In comparison, IFN-␥ levels measured from blood cells of PPD-negative healthy controls were low (Ͻ50 pg/ml, except for Rv0287 and Rv0455). The TNF levels in response to M. tuberculosis antigen stimulation seemed generally higher at the later time points, T6 through T12 (Fig. 2B) , with the exception of Rv0287, Rv0455, Rv1174, Rv1253, Rv1288, Rv1738, and Rv2428, which induced strong TNF responses at all time points, as well as in healthy controls. Responses to these M. tuberculosis antigens in healthy controls are probably due to homology with and exposure to environmental nontuberculous mycobacteria. Likewise, the highest IL-10 responses were generally observed at T6 and T9, with Rv0287, Rv0455, Rv1253, and Rv1738 inducing IL-10 levels of Ͼ500 pg/ml (Fig. 2C) . At on August 14, 2017 by guest http://cvi.asm.org/ blood of two-thirds of the TB subjects. We further examined whether cytokine response(s) to some of these M. tuberculosis antigens changed during the course of therapy ( Fig. 3 and Fig. S2 ).
The fold changes in IFN-␥, TNF, and IL-10 responses to the subset of 36 M. tuberculosis antigens over the period from T0 to T6 were first calculated for each subject. Among the 19 M. tuberculosis antigens selected, IFN-␥ responses to latency antigens Rv467, Rv655, and Rv1738 were upregulated (2-to 25-fold) in 50% of the TB subjects (Fig. 3A) . Similarly, at T6, 25 of the 33 M. tuberculosis antigens initially selected induced increased TNF levels (2-to 150-fold) (Fig. 3B) , and 8 of 31 increased IL-10 responses (2-to 25-fold) (Fig. 3C) in 50% of the TB subjects. Finally, a subset of 8 M. tuberculosis antigens did induce positive changes at T6 for at least two cytokines in Ն50% of the patients (Table 3) and might be pursued further as a test of cure. While cytokine responses to some antigens were downregulated at T6 compared to their levels at T0, the occurrence was rare and never occurred in more than onethird of the subjects. Finally, fold changes in cytokine levels during the course of therapy were averaged for the six subjects and presented as a group response at the different time points tested. IFN-␥ responses to Rv0467, Rv1738, and Rv3619 were already upregulated 5-to 25-fold at T0.5, while responses to ESAT-6, Ag85B, Rv0655, and Rv1174 increased at T3 or later (Fig. 4A) . TNF responses to all but three antigens were upregulated at T6 and further increased at T9 and/or T12 (Fig.  4B) . In addition, 2-to 10-fold changes in TNF responses to Rv0164, Rv1818, and Rv2425 were already occurring at T0.5. Finally, IL-10 responses to most antigens were downregulated, especially at T12 (Fig. 4C) .
DISCUSSION
The identification of surrogate markers of bacterial clearance in pulmonary TB patients receiving chemotherapy is a critical step toward early assurance of treatment success and identification of patients at risk of relapse and subsequent transmission of TB to others following short-course TB therapy. These biomarkers may also serve as a surrogate endpoint in clinical trials evaluating new TB medications. In this longitudinal study, we demonstrated that whole-blood cytokine production patterns from pulmonary TB patients vary during standard TB treatment. Blood culture stimulation with a set of 71 recombinant M. tuberculosis proteins and complex antigen mixtures (PPD and MtbL) resulted predominantly in Th1 (IFN-␥ and TNF) and regulatory (IL-10) cytokine responses; the levels of Th2 (IL-5)-, Th17 (IL-17)-, and memory (IL-2)-associated cytokines were low to undetectable for most antigens in all subjects. IFN-␥, TNF, and/or IL-10 changes in expression profiles during chemotherapy were associated with a subset of the M. tuberculosis antigens tested.
Diagnosis of active TB relies on clinical criteria, patient history, chest radiography, TST, and confirmation by sputum smear or AFB culture positivity. However, an unexpectedly high number of individuals can be sputum positive (and therefore potentially infectious) without any apparent symptoms, whereas many patients who have significant symptoms remain sputum negative, thus calling this simple definition into question. The recent development of short standardized IFN-␥ release assays (QuantiFERON-TB Gold and T-SPOT.TB) based on recall responses to ESAT-6 and/or CFP-10 M. tuberculosis antigens offers new possibilities for the early diagnosis of active TB in adults (11, 32) . The use of IFN-␥ release assays in assessing treatment efficacy in adults and children, however, has yielded conflicting results, with some studies reporting good correlations between bacterial loads and IFN-␥ responses (mainly to CFP-10) (9, 14, 20, 26, 27, 36) , while other studies did not (3, 16, 31, 38, 41, 43) . Our study confirms the lack of reliability of ESAT-6 as a single marker because only two patients (TBC-04 and TBC-08) of the six tested showed a moderate IFN-␥ response to this antigen at T0, while all patients had moderate to strong cytokine responses to M. tuberculosis-specific (PPD and MtbL) and nonspecific (PHA) stimulations. TBC-04 showed an initial increase in IFN-␥ 2 weeks into therapy, consistent with previous observations (20) , and both TBC-04 and TBC-08 showed further-reduced IFN-␥ responses to ESAT-6 from T1 to T6 but returned to T0 levels at T12. A similar kinetic was reported by Dominguez et al. (14) . Among the four other patients, one never responded to ESAT-6, and the three others showed mild increases at T3 and onward. It is unclear why these four patients had poor correlations between the presence of bacteria and IFN-␥ responses to ESAT-6, but this observation is consistent with the considerable interindividual variation reported across studies in terms of percentage of responders and rate of decline of the response (14) . When taken collectively, our data indicate that there are no differences in IFN-␥ responses to ESAT-6 during the first 3 months of treatment, followed by a moderate increase thereafter. Furthermore, our screening of 70 additional M. tuberculosis antigens revealed that for a majority of patients, none of these antigens was associated with IFN-␥ declines during the course of treatment, while a small subset of antigens (the 15 antigens Ag85B, Rv0287, Rv0455, Rv467, Rv523, Rv0655, Rv1174, Rv1253, Rv1626, Rv1738, Rv1818, Rv1884, Rv2428, Rv2624, and Rv3619) induced higher IFN-␥ recall responses at T6 in Ն67% of TB patients. Patient responses to latency antigens were generally low, as previously observed by Leyten et al. (29) , except for Rv1738. The relative discrepancy between our Rv1738 data and Leyten's might be explained by the use of whole blood instead of PBMC or by a more restricted definition of TB patients. Antigen stimulation of whole blood has the advantage of capturing the totality of the cellular response compared to that seen in PBMC, where loss of lowfrequency cells during the purification process cannot be ruled out. Altogether, these observations suggest that increased rather than decreased IFN-␥ responses to a selected subset of M. tuberculosis antigens might better correlate with bacterial load and treatment efficacy. Furthermore, antigen stimulation of whole-blood cultures is a simple method that does not require labor-intensive PBMC purification and that might be more suitable in resource-limited laboratory settings. Nevertheless, further characterization of the T-cell response to these 15 M. tuberculosis antigens and phenotypic analyses at the single-cell level might provide additional information on whether higher IFN-␥ responses are associated with increased frequencies of blood antigen-specific circulating effector T cells.
In this study, we hypothesized that short (Ͻ24 h) in vitro blood stimulations will target circulating effector rather than memory cells. Consistent with this hypothesis, the levels of IL-2 measured in response to all single M. tuberculosis antigens were low (Ͻ100 pg/ml). Positive-control cultures incubated with the mitogen PHA showed elevated levels of IL-2 (500 to 1,500 pg/ml) at all time points, indicating that the lack of IL-2 responses to M. tuberculosis antigens were not due to an overall low T-cell response or cytokine detection problem. The IL-5 and IL-17 levels, as a measure of Th2 and Th17 cell responses, respectively, were also low (Ͻ100 pg/ml) for all M. tuberculosis antigens, including PPD and MtbL, in agreement with observations from Hussain et al. (23) . As for IL-2, we found IL-5 and IL-17 responses to PHA stimulation (250 to 1,500 pg/ml and 100 to 1,000 pg/ml, respectively). However, PHA-driven IL-2, IL-5, and IL-17 responses were not consistently modulated during the course of therapy. Therefore, the measure of IL-2, IL-5, and IL-17 expression patterns in response to M. tuberculosis antigens or PHA stimulation was not predictive of sputum conversion and therapy outcome.
The ratios of IFN-␥/IL-2 (6, 30) and IFN-␥/IL-10 (24) have also been used with some success in the diagnosis of active TB and/or assessment of therapy outcome. In addition, Eum et al. recently demonstrated that whole-blood TNF levels in response to culture filtrate proteins were uniquely correlated with sputum conversion in patients treated for multidrug-resistant TB (15) . However, they reported a decrease in TNF in sputum-negative patients at 6 months, while we observed an increase. Similarly, Harari et al. reported that subjects with active TB had elevated frequencies of antigen-specific (ESAT-6 and CFP-10) TNF-positive CD4 T cells that decreased upon completion of antibiotic treatment (19) . The reasons for this difference are still unclear, but it might be related to the M. tuberculosis antigens tested in their and our study. Nevertheless, TNF, IL-10, and IFN-␥ responses to M. tuberculosis antigens were the most dynamic and likely to better predict therapy outcomes.
In summary, our results suggest that a subset of defined M. tuberculosis antigens can be used to monitor IFN-␥, TNF, and IL-10 expression patterns associated with sputum conversion in pulmonary TB patients during chemotherapy. However, the sample size in the present study is too small to make a definitive conclusion, and this hypothesis will have to be validated in larger patient cohorts. These studies (i) confirm the relevance of IFN-␥, TNF, and IL-10 expression profiles as an immune signature associated with reduction in bacterial load and (ii) define novel M. tuberculosis antigens with diagnostic potential. Early detection of treatment failure has significant implications for TB control programs, as it may allow the identification of TB patients whose clinical courses need to be reviewed for nonadherence, malabsorption of medications, poor penetration of TB drugs to the affected sites, or drugresistant TB. Conversely, accurate diagnostics may allow for shortening treatment in early responders and a focusing of resources on patients with a higher likelihood of poor outcome in order to limit the chance of relapses. Accurate biomarkers are urgently needed as surrogate endpoints in clinical trials for evaluating tuberculosis medications, especially phase 2 trials.
